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ABSTRACT The resonantly enhanced near-field of micrometer-sized gold
antennas has been probed with Angstrom-scale resolution. In situ surface-
enhanced infrared spectroscopic vibrational signals of carbon monoxide (C0)
layers cold-condensed on the antennas in ultrahigh-vacuum conditions are
compared to the signals of CO layers with corresponding thicknesses on a flat
gold surface. Vibrational signals of CO as well as the shift of the plasmonic
resonance frequency were used to analyze the distance dependence of the
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near-field. The signal enhancement induced by the antennas not only decays

monotonically from the surface but, in contrast to classical near-field models, shows a maximum between 10 and 15 Aand decays also toward the surface

of the antenna. This effect is attributed to the spill-out of the electron wave function, as expected from quantum mechanical calculations.
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urface-enhanced spectroscopic meth-

ods, such as surface-enhanced Raman

scattering (SERS),' ~* surface-enhanced
infrared spectroscopy (SEIRS),>~7 and surface-
enhanced fluorescence,®® have gained
large interest in the field of life science
due to their high sensitivity. They are of
great importance for example in biology,'®
medicine,'” and food and water safety,'? as
well as for toxics'® and explosives detection,'*
where the detection of minute amounts of
molecular species is essential. The enhanc-
ing mechanism is provided by the interac-
tion of molecular excitations with plasmonic
excitations of metallic nanostructures. These
localized surface plasmon resonances (LSPRs)
cause considerable near-field enhancement,
which allows extraordinarily high sensitivity.
For optimized enhancement in sensing ap-
plications, as well as for fundamental phy-
sical questions,’> '8 the spatial near-field
distribution around the surface of a nano-
particle is of great importance. A commonly
used method to measure local fields is scan-
ning near-field optical microscopy (SNOM),
where light is scattered out of the near-field
by means of a dielectric tip.'® This technique
has the advantage of providing information
in all three dimensions,?® but resolution is
limited by the radius of the tip apex (a few
nanometers) and thus not high enough to
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measure the near-field distance depen-
dence on the Angstrom scale. This regime
is of especially high interest since classic
electrodynamical and quantum-dynamical
models predict striking differences in the
near-field.

(lassical Predictions. The local field distri-
bution is usually simulated by solving Max-
well's equations with the corresponding
boundary conditions. Such simulations use
dielectric functions to describe the response
of homogeneous materials with unrealisti-
cally sharp boundaries and do not consider
structure on an atomic level. These simula-
tions yield a monotonic field increase up to
the highest field directly at the surface. In
conclusion, the most sensitive area of the
nanoparticle is expected directly at its surface.”’

Quantum Mechanical Predictions. Recent
theoretical studies'’**~%> beyond classical
limits however found that the quantum
mechanical nature of conduction electrons
can yield deviations from a classical descrip-
tion at the subnanometer scale. A changed ~ *Address correspondence to
dispersion curve of the surface plasmon,2+-26  Pucci@kip.uni-heidelberg.de.
tunneling of electrons between nanoparticle  geceived for review September 19, 2012
dimers'”?? and for single particles a de-  and accepted November 19, 2012.
creased electric field at the metal surface | .
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due to electron spill-out and screening 10.1021/nn304341c
have been reported. These deviations from
the classically derived near-field behavior is  ©2012 American Chemical Society
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predicted to be relevant up to distances of about 5 A
from the surface® of the simulated, ideally smooth
particles, being only a few nanometers in size. For
experimentally feasible particles, with rough surfaces
and realistic sizes, a closer spacing of electronic states
pushes the edge of the quantum regime even further
away from the surface.”

Near-field probes with atomic dimensions, such as
molecules, are small enough to prove such quantum
effects experimentally when positioned close to the
metal surface with subnanometer precision.

Refractive Index Sensing. A commonly used method to
detect changes in the surrounding of nanoparticles
exploits the shift of the LSPR frequency upon changing
the refractive index of the surrounding or by varying
the thickness of a thin film on the surface of small metal
particles.?” In the latter case, the shift gives information
about the near-field distribution perpendicular to the
surface. Layers with defined thickness can be realized
either by self-assembled monolayers (SAM)*2° or by
atomic layer deposition (ALD).>° These studies report a
linearly increasing shift of the LSPR frequency for the
first 50 A, corresponding to an almost constant near-
field. The thickness control for ALD is promising, but
unfortunately the measurements were performed ex situ,
resulting in large errors due to sample positioning.

Local Molecular Excitations. A second approach to
probe the field distribution is to place molecules
close to the particle's surface and use their antenna-
enhanced excitations as a local probe. Fluorescence,”"
Raman signals (SERS),>? or infrared (IR)-active vibra-
tional modes (SEIRS)® of molecules could be consid-
ered possible measures, but for very small distances
(<50 A), fluorescent molecules are not suitable as local
field sensors due to quenching.®"

In SERS measurements of adsorbed molecules, it is
well known that the enhanced near-field gives not only
signal enhancement but also some less clear chemical
effects, involving charge transfer between substrate
and adsorbate.*® Both effects can be separated by
introducing an isolating spacer layer. The measurements
yield monotonically increasing signals for decreasing
spacer thickness.>*** This method is promising, but
data points below 10 A spacer thickness are not
available in the literature.

However, SEIRS seems to be the most promising
approach to precisely measure the near-field distribu-
tion. In an early work® rough metal films were used as
a substrate with rather large SEIRS molecules, yielding
a poor spatial resolution of 25 A.

This Work. We present SEIRS measurements using
micrometer-sized lithographic gold antennas, featur-
ing resonances in the IR-spectral range to map the
distance dependence of the near-field. In order to
obtain the high resolution that is needed to resolve
the deviations induced by electron spill-out, we used
carbon monoxide (CO) as probe molecule. The CO

BOCHTERLE ET AL.

multilayer growth at 18 K allows thickness resolution
well below 10 A and changes the electronic structure of
the nanoantenna surface only slightly, due to the
absence of chemical bonds, allowing us to interpret
the observed enhancement to be solely caused elec-
tromagnetically.

A further great advantage of our SEIRS experiments
is the measurement of two quantities at the same time,
giving independent information. On one hand, we look
at the enhanced vibrational signal of the CO molecules,
but on the other hand, we observe how the adsorbed
CO layer changes the refractive index around the
metallic antenna.

RESULTS AND DISCUSSION

In the first step, we consider the different signals that
appear in our measurements on the example of a CO
layer thickness of dcg = 29.5 A. Later we will explain
how to extract the information of interest from these
signals and apply this procedure to all spectra at
different layer thicknesses. On the basis of the distance-
dependent evolution of the signal, we can draw conclu-
sions about the distribution of the near-field.

IR Spectral Response. In conventional absorption
spectroscopy, without any antennas, IR light is ab-
sorbed by molecular vibrations with changing dipole
moments and results in a spectrally narrow dip at the
vibrational frequency. In contrast, micrometer-sized
metallic antennas mainly scatter IR radiation, resulting
in a broad band decrease of transmitted light. For mole-
cules adsorbed on antennas, both effects can couple,
which results in a Fano-type spectral feature.>>® In our
experiment we observe all three cases, as presented in
Figure 1.

The black spectrum (Ay/S;) shows the broad LSPR
of the cooled antennas with parallel (II) polarization,
whereas no LSPR is excited with perpendicular (1)
polarization (black spectrum A,/S;). When cold-con-
densing CO on the sample at 18 K, from a super-
saturated partial pressure in the ultrahigh-vacuum
(UHV) chamber, it accumulates on all surfaces with
the same thickness (dco), i.e., on the antennas as well as
on the silicon substrate. For L polarization the signal
originating from the not resonantly excited antennas is
negligible since the relative area covered by gold
antennas within the array is only about 1%. Therefore,
we see at 2139 cm ™! only the vibrational signal of CO
physisorbed on the silicon substrate (blue spectrum
C,/S)). For Il polarization the LSPR couples to the CO
vibration, resulting in a Fano-type line shape at the
vibrational frequency (blue spectrum G/S;). Due to the
change of the polarizability of the antennas' surrounding,
the LSPR frequency shifts toward lower energies (red-
shift, Awes).

For a detailed discussion on the distance depen-
dence of the field enhancement, we now consider the
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Figure 1. Schematic illustration of the measurement geom-
etries, one antenna representing an array of antennas. S,
A, and C correspond to bare silicon substrate, gold antennas
on silicon substrate, and the whole sample covered with a
cold-condensed CO layer. The polarization of the incoming
IR light is labeled parallel (|I) and perpendicular (1) to the
antennas' long axis (a). Representative relative transmit-
tance spectrum of the gold antennas on silicon substrate
without (black) and with (blue) a CO layer (dco = 29.5 A)
covering the whole sample (b). For all spectra the reference
has been taken on the bare silicon substrate. The resonance
position of the plasmon, as obtained from second-order
polynomial fits, and the position of the CO vibrational signal
are marked.

shift of the LSPR frequency and the signal size of the CO
stretch vibration separately. Since the relative trans-
mittance changes in Figure 1 are rather small and the
total plasmon shift can be only imprecisely deter-
mined, we normalized G to Ay, to better visualize the
changes solely induced by the CO layer. The resulting
spectrum is shown in Figure 2a.

LSPR Shift. The red-shift of the LSPR frequency re-
sults in a broad decrease (Figure 2a, Jyhir) of the signal
left of the resonance frequency and a broad increase
(Figure 2a, J4nir) on the high-energy side, which is
distorted by the narrow band Fano-type CO vibration.
It is easily shown that the area Jsis; or J ghir; is propor-
tional to the peak shift Aw,es, as long as Aw,es is small
compared to the spectral width of the LSPR. We eval-
uated the area Jynir(dco) for all different layer thicknesses
and calculated the corresponding shift Aw,es(dco) by
relating the total area Jy,(29.5 A) (Figure 2a) to the total
shift Awes(29.5 A) = 28 cm ™" (from 1962 to 1934 cm ™,
see Figure 1). The results are plotted in Figure 4a and will
be discussed later.

€0 Vibration. To focus on the asymmetric line shape
of the CO vibrational signal, Figure 2b shows a zoom-in
of Figure 2a. The CO vibrational signal in Figure 2b is a
superposition of two CO vibrational signals originating
from different sites on the sample. One fraction origi-
nates from the coupling with the antennas and has the
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Figure 2. Typical relative transmittance spectra for dco =
29.5 A, with the uncovered antennas as reference and the
light polarized parallel to the antennas (C;/S; divided by
A/S; from Figure 1) (a). The area Jy;s; between 1400 and
1990 cm ™' was integrated to gain information about the
shift of the plasmon resonance. Zoom-in of the CO vibra-
tional signal (b). The vibrational signal of CO adsorbed in
between the antennas and on the backside of the substrate
is not enhanced by the LSPR (c) and is measured with
perpendicular polarization (C,/S, divided by A,/S, from
Figure 1). The quotient of the two previous spectra shows
solely the antenna-enhanced signal (d).

characteristic asymmetric line shape; the other fraction
originates from CO located sufficiently apart from the
enhanced near-fields of the antennas. Most of the CO
adsorbed on the sample is actually located in the area
between the antennas and on the backside of the
substrate and contributes considerably to the total
signal. We measure this signal with L polarization as
shown in Figure 1. To be consistent with the previous
spectrum, we normalize C; to A, (Figure 2c). Since we
are interested only in the antenna-enhanced signal, we
divide the superposed signal from Figure 2b by the not
enhanced signal from Figure 2c and obtain, in Figure 2d,
solely the near-field-enhanced CO signal. In the following,
all spectra referring to the antenna-enhanced vibrational
signal were treated this way. They are displayed in Figure
3a for different CO layer thicknesses.

As mentioned above, the enhanced signal origi-
nates from areas very close to the antennas' surfaces,
thus from CO adsorbed on gold. For comparison to a
unenhanced system with the same adsorption behav-
ior, we look at CO adsorbed on aflat gold surface under
exactly the same experimental conditions. The spectra
were recorded in reflection geometry under an angle
of incidence of 72.5° and normalized to the spectrum
of the same gold substrate before exposing to CO gas
(Figure 3b).
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Figure 3. Development of the CO vibrational signal with
growing layer thickness on gold antennas (a) and on a flat
gold surface (b). Relative transmittance spectra in (a) are
corrected for the CO adsorbed on the Si substrate, as
described in Figure 2, with the spectrum at dco = 29.5 A being
the one from Figure 2d. Relative reflectance spectra of CO
adsorbed on a flat gold surface are shown as measured (b).

The antenna-enhanced signal (Figure 3a) develops
for dco > 8 A and exhibits the Fano-line shape, typical
for coupled systems. In contrast to that, the unen-
hanced signal (Figure 3b) is already visible for much
thinner CO layers and shows a slightly asymmetric line
shape, which can be explained by a vibrational dipole
interaction in disordered systems.3” Even though the
CO vibrational signal is of similar size for dcg = 29.5 A, it
is striking that it develops very differently for the two
systems.

Signal Evolution. To point out this effect in more
detail, we integrated the absolute peak area from
2100 to 2180 cm™ ' of the antenna-enhanced signal
(Ian) @s well as the unenhanced signal of CO on the flat
gold surface (lgy). The results are presented in
Figure 4a, together with Aw,es as derived earlier.

While the unenhanced g, rises linearly with the CO
layer thickness, indicating a constant adsorption rate of
CO on gold, we observe no antenna-enhanced signal
up to about 8 A and a rapid increase for thicker layers.
Clearly, the shift of the LSPR frequency Aw,.s behaves
very similarly, indicating that not only the CO vibration
but also the antennas themselves are not sensitive to
the first few CO layers. The identical feature of the two
curves is strong evidence of the plasmonic nature of
the observed effect.

Delayed adsorption of CO on gold or adsorption of
CO with the dipole vector parallel to the surface,
making it invisible for IR radiation,® can be excluded
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Figure 4. Peak area (integrated from 2100 to 2180 cm ™',

see Figure 3) of the vibrational signal of CO on a flat gold
surface (lpa, blue), absolute peak area of the Fano-type
signal of CO on the antennas (/,,,, green), and the shift of the
plasmon resonance (Aw,.s, red) are shown over the CO layer
thickness dco (). Please note the different ordinate offsets.
The ratio of I, to Iga,, Which is proportional to the signal
enhancement induced by the antennas, is displayed in (b)
together with a fit to the data above 15 A, which describes the
expected behavior according to classical electrodynamics.

due to the linear growth observed for CO on a flat gold
surface (Figure 4a). We assume comparable surface
roughness of the antennas and the flat gold surface
due to the similar evaporation process and the anneal-
ing above 290 K*° of both samples. Surface contam-
ination by remaining resist from the fabrication can
also be excluded since the strong vibrational mode of
the used resist at 1726 cm™' would also be enhanced
by the antennas and appear in Figure 1.

However, a quantum mechanically explained spill-
out of the conduction electrons, suppressing the local
near-field on the first few angstroms,*® could explain
both the shift of the LSPR frequency and the trace of
the CO vibrational signal. Knowing these results, we
take another look at the ALD results®® mentioned
above. We notice that, especially for the particles with
the highest aspect ratio, the data points below 7 A are
systematically lower. This effect is not mentioned in
their discussion, but confirms our findings on a system
with significant experimental differences. Additionally,
earlier unpublished work on ethylene adsorbed on
copper islands also indicates a very similar increase
of IR signals with adsorbate layer thickness [M. Sinther,
A. Pucci, unpublished data].

To point out the different signal evolutions in more
detail, the ratio between the antenna-enhanced signal
and the signal on a flat gold surface is displayed in
Figure 4b. The decay of the signal enhancement above
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15 A is described within classical electrodynamic
approximations,*®*' and the result is shown as the
dashed line in Figure 4b. A detailed discussion can be
found in the Supporting Information.

Considering the amount of molecules actively con-
tributing to the vibrational signal, the intrinsic signal
enhancement of the flat gold surface compared to a
transparent substrate, and the thickness of a mono-
layer, we deduce that the antennas enhance the
vibrational signal of the CO molecule up to a factor of
55000. Technical details are again given in the Sup-
porting Information.

Our findings confirm the quantum mechanically
expected influence of the electron spill-out on the
signal enhancement. Even though the affected dis-
tances we found are larger than the ones theoretically
predicted for very small antennas,®® we can explain
these differences by effects such as the closer spacing
of the electronic states in bigger particles, the electron
image potential which was neglected in the theoretical
work, and particles' roughness, which are all predicted
to increase the range of decreased near-field. >

CONCLUSION

With the IR signal size being related to the local
electromagnetic field, we presented a system in this
work that allows measuring the distance dependence of

METHODS

Gold Antennas. The gold antennas were prepared on a silicon
substrate with a natural SiO, layer by standard electron beam
lithography (EBL), which is described elsewhere.*? The antennas
are 100 nm wide and high and 800 nm long and feature the
dipolar LSPR frequency at about 1950 cm~', close to the CO
stretching vibration. They are arranged in a 4 x 4 mm array,
containing over 1.7 million antennas, with interantenna dis-
tances of 1 and 5 um, parallel and perpendicular to the
antennas' long axis, respectively. The spacing prevents coupling
of the antennas,*® and the overall array size is adjusted to the IR
geometry (spot size 3.8 mm in diameter, near parallel beam with
NA = 0.08) inside the vacuum chamber, allowing in situ mea-
surements to exclude misalignment after separate growing and
measuring steps.

Flat Gold Surface. The flat gold surface was also prepared on a
silicon substrate to guarantee similar heat transfer during cool-
ing. It is 200 nm thick, has a rms roughness of about 4 nm, and
was purchased from Georg Albert Physikal Vapor Disposition.

Experimental Setup. The antenna sample was mounted on a
liquid He cooled cryostat inside a UHV chamber. This allows
cooling the sample to about 18 K, to enable multilayer physi-
sorption of CO.** At this temperature CO forms fcc crystals with
a lattice plane spacing of 1.6 A in the (111) direction,*® allowing
angstrom-scale resolution. The sample holder supports only the
edges of the silicon wafer and allows in situ transmission
measurements while exposing CO. For in situ reflection mea-
surements the sample holder can be turned to a fixed angle of
incidence of 72.5°. A linear polarizer is placed between the FTIR
spectrometer (Bruker Tensor 27) and the chamber, allowing
measurements with defined polarization. The IR radiation is
coupled in and out of the chamber through KBr windows
and detected with a liquid nitrogen cooled MCT detector.

All spectra were taken with a spectral resolution of 2 cm™".
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LSPR-induced near-fields with Angstrom-scale resolution.
To achieve this, we cold-condensed CO on the surface
of gold antennas featuring LSPRs in the infrared and
observed the evolution of the vibrational signal with
growing layer thickness. We found no signal enhance-
ment within the first 8 A from the surface and could
describe the signal size of layers thicker than 15 A by a
classical model. The classical model predicts the high-
est field, and thus the highest signal enhancement, at
the surface of the antenna, which is in clear contrast to
our measurement results, whereas quantum mechan-
ical calculations show a behavior that can explain our
results.

Using the same experimental conditions and mate-
rials, we have shown that CO physisorbs with constant
adsorption rate on flat gold surfaces, which do not
feature plasmonic enhancement. In contrast to the
antenna-enhanced case, the thereby measured increase
of the CO vibrational signal is linear, as expected.

Additionally to our experiments, we found other
works in the field of plasmonic sensing, which show
evidence of a decreased near-field close to the surface
of copper island films as well as plasmonic silver triangles.
Furthermore, our results could also explain the mis-
sing antenna-enhanced vibrational water bands of the
omnipresent water layer when working in ambient
conditions.

The base pressure inside the UHV chamber was below 107'°
mbar, and CO gas was fed into the chamber via a leak valve,
achieving a partial pressure of 1078 mbar. The CO purity of
99.997% was also checked with mass spectrometry.

Experimental Procedure. Before opening the CO leak valve, the
sample temperature was quickly raised to 370 K via electron
bombardment of the sample holder, to desorb unwanted
species that were obtained during cooling. Afterward the
temperature dropped to 18 K in less than a minute, and a
spectrum of the cooled sample was taken with the respective
polarization. The CO leak valve was opened, and IR spectra were
taken in situ during CO film growth. All following spectra were
divided by one of these reference spectra. This procedure was
repeated for polarization parallel and perpendicular to the
antennas and for the flat gold surface in p-polarization.
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